The regulation of activity of ribosomal RNA genes has been studied in euploid and aneuploid varieties of hyacinth. The gene/gene product relationship was determined by measuring the specific gene product (stable rRNA) and the total gene product (protein) in varieties with different dosages of rRNA genes. The results show that the cellular rRNA content is positively regulated, that maximum gene utilization is not normally employed, and that the degree of utilization responds to the total genome rather than to the specific rRNA gene dosage. The mechanism of control of this regulation appears to be at the transcriptional level.
It is probable that many eucaryotic genes exist as multiple copies. Some, such as the rRNA, tRNA, and histone genes are well known, others may only be inferred from the large portion of the genome which is comprised of sequences of a similar degree of repetition and complexity. Single copies of genes in procaryotic organisms may be regulated by a qualitative on/off mechanism, but multiple copies in eucaryotes are likely to be regulated in a more quantitative manner. The sequences coding for rRNA offer a suitable system for the study of redundant gene regulation because the number of these genes may be accurately estimated by hybridization, and the gene product can be determined as stable rRNA.
Higher plants show a wide range of rRNA gene redundancy, from 1,250 in a telophase nucleus of Citrus sinensis to 32,000 in Hyacinthus orientalis (7) , suggesting that there may also be variation in the utilization of these genes. Estimates of the amounts of RNA per cell (15) in species with known rRNA gene redundancy (7) indicate that this is probably true. For example, Alliuni cepa, with 13,000 rRNA genes, produces 12.7 X 10-11 g of RNA per cell, whereas Secale cereale, with 5,700 genes, makes 14.3 X 10-"1 g of RNA. The amount of gene product per gene therefore varies about 3-fold in comparable root tip tissues of Alliu,n and Secale.
The quantitative relationship between gene and gene product has been further examined in a range of plant species selected to encompass the extremes of rRNA gene redundancy. The gene/ gene product relationship has also been studied in greater detail within a single species, Hyacinthus orientalis, which exists in diploid, triploid, tetraploid, and a range of aneuploid forms on the basis of chromosome number and morphology (3) . In previous experiments, we determined the number of rRNA genes in some of the most useful varieties (17) . The results showed that a chromosome carrying a secondary constriction, the nucleolus organizing region, bears a fairly constant number of rRNA genes. A diploid contains an average of 17,000, a triploid 22,500, and a tetraploid 32,000 rRNA genes per telophase nucleus. The aneuploids showed gain or loss of a complete haploid set of rRNA genes when a nucleolus organizing chromosome was added to, or removed from, the genome, with the minor qualification that the number of genes/NOR' in aneuploids was about 20% fewer than the euploids.
The following experiments investigate the relationship between rRNA gene dosage and the amount of gene product, and the level at which rRNA gene utilization is regulated.
MATERIALS AND METHODS
Plant Material. Seeds of melon, swisschard, sunflower, cucumber, and wheat were germinated in vermiculite at 20 C for 4 to 5 days. Artichoke tubers were grown in vermiculite and onion bulbs in water. Commercial hyacinth bulbs were grown in aerated H.20 at 11 C, and the chromosome complements were determined by Feulgen stained squashes of colchicine-treated root tips (3). The varieties used, together with details of their chromosome complements are shown in Figure 1 .
Quantitative Estimation of DNA, RNA, and Protein. Tips, 1 to 3 mm depending on size of root, were removed from actively growing roots and homogenized at 0 C in water in a conical glass-in-glass homogenizer. Aliquots were removed for the estimation of RNA and DNA. An equal volume of cold 1 N perchloric acid was added to each, and the homogenates were cleared by centrifugation (10,OOOg, 10 min). The precipitate was washed twice with 0.5 N perchloric acid to remove nucleotides, and three times with ethanol-ether-chloroform (2:2:1). For RNA determination, the residue was hydrolyzed with 0.3 M KOH for 16 hr at 25 C. The resulting RNA mononucleotides were purified by elution from an anion exchange resin (4) , and the RNA content per root tip was estimated assuming a tetranucleotide structure (260 nm absorbance X 31.7). For DNA determination, the precipitate was hydrolyzed with 0.5 N perchloric acid for 20 min at 70 C. The DNA content per root tip was then estimated by the diphenylamine reaction (4) . A further aliquot of the original water homogenate was precipitated with an equal volume of cold 10%;o trichloroacetic acid for the determination of total protein content. The precipitate was washed twice in 5%G trichloroacetic acid, three times in ethanol-ether-chloroform (2:2:1), dissolved in 0.1 N NaOH, and protein content per root was estimated by the method of Lowry et al. (10) ['H]Uridine Labeling, Extraction, and Fractionation of RNA in Hyacinth. Actively growing roots from bulbs with similar numbers of roots were pulse labeled for 3 or 4 hr at 11 C in 25 ml of aerated H20 containing 25 uCi/ml of [3H]uridine (specific radioactivity 0.5 Ci mmole-') and 50 j,g ml-' chloramphenicol. Inhibition of bacterial growth was found to be the only method of obtaining satisfactory labeling of hyacinth RNA as the bulbs could not be effectively sterilized. The roots were then washed in nonradioactive uridine solution (50 ,g,'ml) and grown in this medium for a further 16 NOR is shown as a secondary constriction on the 14 the large chromosomes.
root tips were removed at the appropriate tim in a conical glass-in-glass homogenizer in dete 0 C, and total nucleic acid was extracted as pre' (8) .
The nucleic acid (50 ,ug) was fractionated b: on a 2.2 C polyacrylamide gel (9) at 50 v (6 mai hr, and scanned at 265 nm in a Joyce-Loebl FI was rapidly frozen on dry ice and cut into 0.5-were dried onto glass fiber paper (Whatman GF tive pairs of slices were counted together in a to] tillator (4 g 1-l of 2-(4-t-butyl phenyl)- the protein/DNA ratio and the photometric DNA value as described for rRNA (Table II) . nth varieties. The
In the euploid varieties, the amount of rRNA per telophase ong arm of one of cell is very closely related to the ploidy of the nucleus and, when expressed per haploid genome or per NOR, is constant at 37 to 38 X 10-12 g. Total protein, a measure of total gene activity, is ies, homogenized similarly constant at 310 to 320 X 10-12 g per haploid genome. rgent medium at In the aneuploids, the amount of RNA and protein is constant viously described per nominal haploid genome and not significantly different from the euploid varieties. The rRNA content, when expressed per y electrophoresis NOR, varies between different aneuploids. Rosalie, essentially a mp/tube) for 3.5 diploid with an additional chromosome carrying the NOR, still 3olyfrac. The gel produces only a diploid rather than a triploid amount of rRNA.
-mm slices which Eros, a triploid lacking a NOR chromosome is nevertheless able A), and consecu-to produce the full triploid amount of rRNA. Delft Blue, esluene-based scin-sentially a tetraploid with only three NORs, produces the tetraiphenylyl)-1,3,4-ploid amount of rRNA. L'Innocence, which is midway between a itillation counter. triploid and tetraploid genome but containing four NORs, UV absorbance produces rRNA and total protein between the triploid and tetra- (Table IV) . The similarity in relative transcription rates, whether on the basis of incorporation into precursor or stable rRNA, indicates that similar processing and conservation of the precursor occurs in all three varieties. This result is consistent with the constancy of the conservation ratio, the incorporation into stable 1.3 X 106 rRNA during the chase divided by the incorporation into the 2.5 X 106 precursor rRNA during the pulse, in the three varieties (Table IV) . The comparison of absolute incorporation of [3H]uridine into root tips of different bulbs presents many technical problems, but the quantitative consistency of the incorporation data in the three experiments and the lack of evidence for any post-transcriptional control, suggest that the greater efficiency of utilization of rRNA genes in Eros compared with Rosalie is regulated at the level of transcription.
DISCUSSION
The experiments described here show that the amount of rRNA accumulated by the hyacinth cell is dependent upon the size of its genome rather than the number of coding genes. The (5) .
Making the assumption that, as in Xenopus and Acetabuiaria, up to 100 molecules of precursor rRNA may be in the process of transcription from a single gene (11, 18) (14) . Brown and Gurdon (2) showed that embryos of Xenopus laevis heterozygous for a deletion of a set of rRNA genes produced the same amount of rRNA as the normal embryos, to which they were phenotypically similar. When the deletion was homozygous and they were anucleolate, they failed to synthesize any rRNA. Somewhere between these two conditions there must be a level at which further loss of genes become deleterious to the individual as it does in the bobbed mutant of Drosophila.
The regulation of rRNA in bobbed mutants has been investigated (19 
